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Abstract

In this paper, the fluid field of a human oral airway model is gained though the simulation 
method. After computing the system in the stable condition, the deposition efficiencies of 
aerosols in different Stokes number are obtained and the trace of typical aerosols are figured. 
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INTRODUCTION

The dynamic investigation of aerosol in the human respiratory system is an interdisciplinary 
field of respiration hydrodynamics and aerosol dynamics (Wen, 1996; Edwards et al., 1997). The 
study of aerosol behaviour in the human respiratory system is important to the treatment of many 
diseases for several reasons. First of all, masses of micro-particles or venomous gases in the 
inhaled aerosol can cause disorders in the lungs or other organs in the body (Pleil et al., 2000; 
Wichmann and Peters, 2000). Secondly, the study of aerosol deposition mechanism is a new 
method in medical treatment; for example, in clinic therapy, insulin in the aerosol state is more 
easily absorbed by the body than liquid insulin (John et al., 1999).  

In this paper, we mainly discuss the dynamic action of aerosol in the oral airway. Because of 
the geometric complexity of the oral airway, a transition is possible from a laminar to a turbulent 
flow. The result would be far from the fact if we used the k  turbulent model during the 
simulation process, because that model is fit for the high-Reynolds-number condition, but not the 
low-Reynolds-number condition (Stapleton et al., 2000). Based on the anthropotomy model 
method, we constructed a relatively simple, but representative, geometry model with the help of 
computer software. This model contains the oral cavity, pharynx, larynx, and trachea. The model 
mesh was segmented and tessellated. In this simulation, an air-particle two-phase flow was 
imported and operated under a steady-state condition. The flow field, particle deposition 
efficiencies, and trajectories were investigated to depict the results. 
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TRANSPORT EQUATIONS AND ORAL AIRWAY MODEL 
                                                                            
Transport equations 

This model was developed to simulate the incompressible fluid in the air-particle two-phase 
flow, continuous medium in the air flow, non-interacting spherical micron-particle transport, and 
deposition in the oral airway. The expiratory flow was not calculated in the simulation, since 
expiratory oral deposition deficiency is much less important than the inspiratory. Because of the 
medium disturbance accrued by particle movement in the flow field, there was a transition of 
laminar-to-turbulent air flow, which entered the lung airway as a laminar flow. Zhang et al. 
(2002) validated that simulation results based on the low-Reynolds-number (LRN), - , model 
agrees better with experiment data, so we selected and adapted Wilcox’s (1998) LRN -  model 
for internal flow. 

Thus the fluid-particle transport equation can be written as: 

Continuity:

0u                        (1) 

Momentum:

uvpuu
t
u 21                   (2) 

where u  is the velocity vector, p is the pressure, v  is the fluid kinetic viscosity,  is the 

fluid density, and  is the fluid dynamic viscosity. 

According to Newton’s second law: 
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After being simplified by Cheng et al. (1999), the Stokes number can be expressed as: 
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where  is the mass of a single-spherical particle, pm pu is the particle velocity vector, U is the 

mean inlet velocity, D1 is the minimum hydraulic diameter, dp is the particle diameter, p is the 

particle density and pF  are the forces acting on it. 

-  turbulent equation 
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At the inlet, the initial values for  and  were assigned from the following empirical relation: 
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where  is the turbulent kinetic energy,  is the dissipation per unit turbulence kinetic energy, I is 
the turbulence intensity which usually is 0.037, umean is the mean axial velocity at the inlet and D
is the diameter of the inlet tube. 

Particle trajectory equation:
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where  and  are the velocity and mass of the particle, respectively, and is the 

drag-force coefficient given by: 
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And the particle Reynolds number is: 
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slipC in Eq. (2-7a) can be found in Clift et al. (1978). Here  is the instantaneous fluid velocity 

which

iu

iii uuu , where iu  is the time-averaged or bulk velocity of the fluid, and iu  is its 

fluctuating component. According to Gosman and Ioannides (1981), it can be expressed as: 
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Thus, the randomicity of turbulence is modeled as the product of time-averaged turbulence 
energy and a random number  with zero-mean, variance of one and Gaussian distribution. 

Oral airway model 

Based on data (i.e., the cross-sectional area and the perimeter of the entire oral cavity, pharynx, 
and larynx area) reported by Cheng et al. (1999), we calculate the hydraulic diameter (4 × area / 
perimeter) and construct the oral airway model as depicted in Fig. 1. 
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Fig. 1. The oral airway model. 

Fig. 2. Computational mesh. 

MODEL VALIDATION 

For accurate computational fluid-particle dynamics (CFPD) simulations in the oral airway 
model, it is necessary to compare the simulation results with the experimental data. Cheng et al.
(1999) provide a good experimental result for particle deposition fractions under three inhalation 
rates. Based on this, we did the computational simulations in which the grid consisted of about 
70,000 cells and a global edge length of 0.1956 mm. Fig. 2 shows measured and CFPD-predicted 
deposition efficiencies for three inhalation rates.

As illustrated in Fig. 3, the simulation results agree with the experimental data, so the present 
computer geometry model is valid enough. 
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Fig. 3. Comparison of simulated and experimental particle-deposition fractions in the oral airway 
model under three inhalation rates. 

RESULTS AND DISCUSSION 

Velocity fields 

Fig. 4. Velocity profiles in the oral airway for min/30lQin . The left panel exhibits mid-plane (Y 

= 0 plane) velocity contours. The right panels are the different cross-sectional views. 

 263



Zhang et al., Aerosol and Air Quality Research, Vol. 6, No. 3, pp. 259-267, 2006 

Fig. 5. Selected particle release positions and airway trajectories at .min/15lQin

Fig. 6. Selected particle release positions and airway trajectories at .min/30 lQin
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Fig. 7. Selected particle release positions and airway trajectories at .min/60 lQin

Particle trajectories 

In this simulation, we selected 12 particles randomly at the oral-airway inlet point and studied 
the effects of different Stokes numbers on their trajectories and deposition fraction under 
different flow rates. We chose different particle diameters, densities, and Reynolds numbers to 
obtain the condition with different Stokes numbers. Results indicate that particle deposition 
efficiencies increased with Stokes number increases. We also found that smaller particles deposit 
more easily under turbulent flow, further proving the theory established by Schlesinger and 
Lippman (1976). 

Particle deposition fractions 

Table 1. The effect of Stokes number in different inhalation models on deposition fraction. 
Qin 15 L/min Qin 30 L/min Qin 60 L/min 

Stokes 
number 

Deposition 
fraction 

Stokes 
number 

Deposition 
fraction 

Stokes 
number 

Deposition 
fraction 

1E-3 0.01 1E-3 0.01 1E-3 0.01 
0.01 9.25 0.01 9.46 0.01 9.18 
0.05 30.89 0.05 30.83 0.05 18.82 
0.08 49.51 0.08 49.84 0.08 25.36 
0.1 64.18 0.1 49.38 0.1 30.83 

0.15 98.55 0.15 77.56 0.15 46.23 
0.5 100 0.5 95 0.5 89

0.95 100 0.95 100 0.95 100 
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Table 1 shows the effects of deposition fraction given by Stokes number at different 
inhalation-rate flow fields when Re = 2,000. It is not difficult to reach the conclusion that the 
particle DEs will increase as the Stokes number increases. Based on the calculation, we found 
that the increased particle consistency obviously can’t affect the deposition fraction under a 
steady-state condition. While the Reynolds number is also an important factor affecting particle 
deposition fractions, the interrelationships are not known clearly enough; because, in different 
background flow fields, particle characteristics (density, diameter and so on) vary with the same 
Stokes number. 

CONCLUSIONS

A dynamic simulation of aerosol under the steady-state condition in the oral airway was 
developed to represent flow distribution, aerosol particle trajectories, and deposition fraction with 
different Stokes numbers. The following was concluded. The simulation of air-particle two-phase 
flow shows a comparatively simple and representational oral airway geometry model that 
provides a perfect equivalence platform for researching particle translation and deposition in oral 
airway.

Particle deposition is affected by both the Reynolds number and the Stokes number, but 
increased with Stokes number. Turbulence occurred after oral airway constriction, and high-level 
breathing could enhance the particle deposition in the trachea near the larynx. However, the fate 
of single particles was influenced by the trachea’s position at the inlet, physical characteristics, 
and background flow field. Although more-complicated geometric features of the oral airway 
may be measurable for particle deposition, the simplicity of the presented simulations for 
exhibiting the main features of laminar-transitional-turbulent particle suspension flows in actual 
human oral airways could improve future investigations on the aerosol dynamic in the oral 
airway.
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